INTRODUCTION
X-ray photoemission from solids can be conceptually decomposed into a three-step process: 1. excitation of an eiectron from the ground state to a free-electron-like state of high kinetic energy within the solid; 2. passage of this photoelectron to the surface of the solid; 3. escape of the electron from the solid. Conservation of energy requires that the measured kinetic energy of the photoelectron be equal to the x-ray photon energy minus the total energy expended in steps 1""'3. In practice XPS spectra are usually corrected by * Work performed under the auspices of the U. S. Atomic Energy Commission. -2-LBL-1971 subtracting structure associated with steps 2 and 3, and structure associated with step 1 is .then related to the eigenvalue spectrum of the system. This paper deals instead with the spectral structure that results from energy-loss phenomena during·steps 2 and 3 of the photoemission process. Our objective is to relate the low-energy loss structure observed in XPS studies of nine clean metals to characteristic energy losses obtained by other methods.
Let us consider, for example, the comparison between XPS and electron scattering spectra. The secondary-electron energy spectrum of monoenergetic electrons reflected from a solid surface exhibits inelastic loss structure similar to that observed in XPS spectra. la Figure la, after Seah , shows the secondary electron energy spectrum of silver bombarded with 250 eV electrons incident at 30° from the normal. For convenience this spectrum is divided into three regions.
Region III contains the elastically scattered electrons and those which have lost a few hundredths of an electron volt to phonons. Region II is composed of those electrons which have suffered characteristic energy losses by producing collective excitations, intraband transitions, or interband transitions of the lattice electrons. Characteristic energy loss peaks usually occur between 2 eV and 50 eV below the elastically scattered peak. The electrons in region I (not shown) are mostly secondary electrons (see Figure 1 of Reference lb). They have low energy and are produced by a cascade process. Thus after passing through the solid the initially monoenergetic beam of electrons has a very broad energy distribution with considerable structure. As the kinetic energy of the incident electron beam increases, the ratio R of elastically scattered to inelastically scattered electrons decreases. At x-ray photoelectron energies R is much smaller than unity.
-3- LBL-1971 In general XPS results are more complex than those from electron reflection measurements, because there are as many primary electron energies in XPS as there are orbitals of different energy. The spectral distribution from all orbitals are superimposed in the XPS spectrum. For comparison with Seah's results, the Ag 3d spectrum is given in Figure lb , with its characteristic energy-loss structure on an expanded scale. The structure in this spectrum is a superposition of the Ag 3d 312
and Ag 3d 512 levels and their loss structure.
The loss peaks P 2 , P 3 , P 6 , and part of P 5 of the Ag 3d 312 photoelectrons are very similar to those observed for the electron scattering experiment (Figure la).
Similar agreement between XPS loss energies and those obtained by other methods
'
was found for the other metals we studied, as indicated below.
Before discussing individual results we should comment on the distinction between extrinsic and intrinsic plasmons. An electron passing through a solid can create extrinsic plasmons by coupling bet~een its longitudinal electric field and electron density fluctuations. Many plasmon resonance energies have been determined by measuring the energy losses of electrons reflected from solid surfaces or transmitted through thin films 2 . Almost all structure observed in the spectra reported below can in fact be attributed to this type of plasmon energy loss. In addition to extrinsic plasmons, many-body calculations3 predict intrinsic plasmon structure resulting from plasmons coupled to , I
core electrons. This type of plasmon excitation is intrinsic to the photoemission of a core electron that is coupled with the surrounding plasma rather than to a free electron passing through a plasma. The total spectral density in this model consists of a sharp quasiparticle peak with a broader plasmon satellite structure at a higher "binding" energy. The plasmon structure is
predicted to be 50 to 100% as intense as the quasiparticle peak. In the results reported below, structure resulting from intrinsic plasmon resonances is not ~ priori distinguishable from the extrinsic structure that arises from a free electron passing through a solid-state plasma. However, no strong evidence for intrinsic plasmon structure was found in this work. Figure 2b for a single crystal which was annealed in situ and argonetched. A surface plasmon, labeled S, is now present and the aluminum oxide peak has disappeared. Eight bulk loss peaks associated with the Al 2s level are clearly distinguishable { P 6 to P 8
are not shown) . The peak parameters are given in Table 1 . The totai area of the loss peaks is greater than 175% the area of the zero-loss peak.
The spectra of the Na ls and Li ls levels and characteristic energy loss structure have been previously-reported and dicussed 9 . Derived peak parameters and assignments are listed for completeness in Tables 2 and 3 . The relative intensities of the loss-peaks have been determined after subtracting a structureless background from Under these peaks. The intensities given in Tables 2 and 3 are only accurate to about ±20%. As indfcated eariier 9 , t.he bulk plasmon loss energies in both Na and Li agree well with values obtained by other methods.
Thus it appears that core-level XPS lines in free-electron metals with clean surfaces can genera~ly be expected to show both surface and bulk plasmon structure, with multiple-loss peaks from the latter. The interpretation of spectra should be straightforward. Tables 4 to 9 and are summarized in Table 10 . the Fermi level is denoted ~EIB in Figure 13 .
The loss at 3.9 eV is assigned to the unresolved bulk,and surface_plasmon losses of Ag which have been measured by optical experiments to-lie at 3.9 and 3.78 eV, respectively 2 The width of the bulk loss has been determined optically to be 0.08 eV FWHM 10 . The 1 eV width of the loss peak reported here is obviously determined by the width of the primary 3d photoelectron energy distribution (1 eV). Optical reflectivity data 11 indicates that the -7- LBL-1971 loss structure at 7.8 eV is also attributable to conduction-electron oscillations. We also observed peaks at 18.8 eV and 24.9 eV which can be compared with peaks at 17.2 and 25.0 eV from electron loss experiments 12 •
Cadmium
Four loss peaks at 7, 9.3, 13.9, and 19 eV were observed. We interpret the peaks at 7 and 9.3 eV as the surface and bulk l~ss, respectively. Light emission from electron-bombarded Cd yielded a sharp ( 0. 8 eV), intense peak The first correspond to a surface plasmon loss, the second to a bulk plasmon loss; the third is from electrons that have suffered both a bulk and surface loss, and the fourth and fifth. are from electrons that suffer two and three bulk losses.
The results for Sn, Sb, and Te can be also interpreted solely in terms of bulk an_d surface losses. Table 10 lists tliese assignments and the corresponding electron reflection results.
-8-
LBL-1971 Systematics
The systematic variation of the plasmon structure for Ag to Te is illustrated in Figure 13 . The interband transition (4d ~ EF) energy ~IB is a strong function of atomic number, varying from 3.9 eV in Ag to 39 eV in Te.
The free electron plasmon energy, to the parent, zero-loss peak for the bulk plasmon (IB) and surface plasmon (IS) are shown as histograms in Figure 13 . The intensity IB of the bulk plasmon loss increases smoothly from a minimum of 2% in Ag to a value of about 28% in Sn, Sb, and Te. The surface plasmon intensity showed more varied behavior. This is not unexpected because IS is much more sensitive to surface conditions 7 than IB .
-9- LBL-1971 For Ag and Cd, in which interband transitions play an important role, the charact'eristic loss structure cannot be completely explained by combinations of one surface and one bulk loss alone. We thought it might be possible, however, to relate the observed losses at energies above 10 eV to those at 7.8 eV (Ag) and 9.3 eV (Cd) by assuming that the number of valence electrons participating in these higher-energy plasma oscillations is increased over the number that participate in the lm~-energy oscillations by 10, the number of electrons in the filled 4d shell. To test this hypothesis we parameterized
which retains the {n' dependence of the bulk plasma oscillations. Adjusting C to reproduce the 7.8 eV (Ag) and 9.3 eV (Cd) losses for n = 1 and n = 2 respectively, we obtained for n = 11 and n = 12, values for the loss energies that are in fair agreement with the observed (but otherwise unexplained) losses around 20 eV in the two metals (Table 11) Intensities of P 4 and P 6 indicate relative intensities of these two components of P 5 . ·l., .. ,, 
